Precise measurements of the muon flux are important for different practical applications, both in environmental studies and for the estimation of the water equivalent depths of underground sites. A mobile detector for cosmic muon flux measurements has been set up at IFIN-HH, Romania. The device is used to measure the muon flux on different locations at the surface and underground. Its first configuration, not used in the present, has been composed of two 1 m 2 scintillator plates, each viewed by wave length shifters and read out by two Photomultiplier Tubes (PMTs). A more recent configuration, consists of two 1 m 2 detection layers, each one including four 1 ⋅ 0,25 m 2 large scintillator plates. The light output in each plate is collected by twelve optical fibers and then read out by one PMT. Comparative results were obtained with both configurations.
Introduction
The knowledge of cosmic ray muon flux is important in many applications, from low background measurements and the estimation of water equivalent depth for different underground locations to the characterization of the background in the vicinity of mega detectors for neutrino physics, like Super-Kamiokande or the future LAGUNA project [1] , also for numerous environmental experiments like the solar activity characterization or the weather and climate change surveillance [2] .
Also, it has successfully been used as muon tomography technique in the search for hidden rooms in pyramids [3] or in volcanology [4] . It has a long list of possible applications, like the detection of unknown caverns, to increase the safety procedures in mining excavations, in the oil industry as an easy way to search for oil bags or at the customs checkpoints, to scan the passing vehicles.
A mobile detector for measuring the muon flux is in use at IFIN-HH Bucharest [5] . Placed in a van for mobility, it interprets the coincidence events between two overlaid active layers as passing muons. A new configuration of the active layers, using optical fiber readout of the plastic scintillator sheet, was implemented and tested, and its performances were compared with the previous one, which used waveguides for the light collection. Using this new developed configuration, the possibility of directional measurements of muon flux was observed.
The Apparatus
The detection principle of the muon mobile detector is to identify the traversing muons as coincidence events between two overlaid 1 m 2 active layers of scintillator material. Used for the current detector, two different concepts for the active layer are presented in Figure 1 . One important property of this device is its mobility, the device being conceived to measure the muon flux at different locations at the surface of the ground or in underground. The detection module of (a) the first detector setup. Design of KASCADE [3] ; (b) the new detector setup [5] .
For the former configuration of the mobile detector, two detection modules were used, each module being a scintillator plate (NE114 type) of 0.9025 m 2 and 3 cm thickness.
Divided into four parts (0.475 ⋅ 0.475 m 2 ) [6, 7] , it is readout through a wavelength shifter (NE174A type) by two photomultiplier tubes (EMI 9902 type), as we can see in Figure 1 (a).
The present configuration consists of two detection modules, each composed of 4 plastic scintillator sheets (Polystyrol 80%, Methylmethacrylate 20%) having 100 ⋅ 25 ⋅ 1 cm 3 . Every sheet is crossed by 13 longitudinal strips, 12 of them being filled with an optical fiber (Figure 1(b) ). The light signal of each sheet is readout by a PMT. The modules are arranged on top of each other (at 30 cm distance). The signals from the eight photomultiplier tubes are OR-ed four by four (1 + 2 + 3 + 4) and (5 + 6 + 7 + 8) and then measured in coincidence using a gate of 50 ns, so no correction due to the dead time of the detector is necessary. A counter module registers the coincidence events (see Figure 2) .
The calibration has been made by comparing the measured energy deposit spectrum of the minimum ionizing particles with GEANT simulated responses. The comparison of the measured and simulated spectra, of both configurations, is shown in Figure 3 . The difference in the most probable energy deposit between the two configurations comes from the different thicknesses of the plates (3 cm versus 1 cm).
For the first configuration, having the most probable energy deposit at 6.3 MeV, the signal threshold was set to 2.1 MeV [5] . For the new configuration, with the most probable energy deposit of 2.4 MeV, a signal threshold of 1.8 MeV is set.
Considering the fact that not all muons that interact with the first layer manage to pass to the second one, due to scattering loses in between, the acceptance of the detector was also investigated, using GEANT4 code (see Figure 4 ). The muon flux at the surface of the ground was estimated using CORSIKA code [8] , using the primary cosmic ray spectrum of proton and helium, obtained from AMS results during a space shuttle mission [9] .
A correction factor * = 1.56 has to be applied on the observed muon rate at ground level. The distance between the centers of the two active layers of the detector is 30 cm. For a distance of 8 cm, obtained if the two active layers are overlapping, a correction factor = 1.11 is obtained. No correction factor due to the geometry of the detector's surface is required. The corrected muon flux is given by
where is the counting rate of the detector and Φ is the real flux.
Measurements and Results
Using the mobility of the detector, measurements of cosmic muon flux have been performed for both configurations of the active layers at different locations on the surface with different elevations. The results, presented in Table 1 compared with those previously reported in [5] and displayed in Figure 5 .
The acquisition time for each data set was 1 h, all runs being performed at approximately the same time of the day (noon) in order to reduce the eventual influence of the solar activity and of atmospheric conditions.
Measurements of the cosmic muon flux have been performed also underground in the Unirea mine from Slanic Table 2 .
The estimation of the water equivalent depth from muon flux data is made by the formula
with = 0.03 m −2 s −1 being an overall normalization constant, 0 = 1470 mwe representing an effective attenuation length for high-energy muons, and = 2.5 being a free parameter [9] . The variation of the muon flux with the water equivalent depth is still an open problem and one of our detector's goals. The formula has been obtained by Monte Carlo simulation using the MUSIC code [10] .
A value of 610 ± 11 mwe was obtained using the flux measured with the first configuration; from the second one, a 597 ± 10 mwe is being calculated. We can see the evolution of the muon flux as a function of mwe depth (see Figure 6 ). The data are compared with others over the world (see Table 2 ).
In order to check if there are any preferential arrival directions of the muons, coincidence measurements have been performed in the underground between the scintillator sheets of the detector setup. The measurements have been performed in Unirea mine from Slanic Prahova salt ore, close to one of the mine's wall (see Figure 7) . The "Unirea" mine is characterised by temperature: 12.0-13.0 ∘ C, humidity: 65-70%, excavated volume: 2.9 ⋅ 10 6 m 3 , floor area: 7 ⋅ 10 4 m 2 , average high: 52-57 m, aerosols <10 mm: 2108 part/m 3 , distance between walls: 32-36 m, and existing infrastructures: electricity, roads, railway, elevator, phone, Internet, and GSM networks (also inside the galleries). More details regarding the radioactive background in the mine are presented in [11] .
The order of the scintillator sheets of the detector is shown in Figure 8 . The results are presented in Table 3 . The system was positioned in the cavern, so the sheets 1 and 5 are to be Advances in High Energy Physics Table 3 : Rate of coincidences between sheets. Measurements were performed in the Unirea mine (−208 m depth from surface). The acquisition time for each measurement was set to 10 hours. The coincidence is represented by "∩" sign.
Channels
Counting rate (p/s) ( placed near the wall of the mine and sheets 4 and 8 toward the empty space of the cavern. We can observe that the coincidence rate between 3 + 4 and 5 + 6 is 3 times higher than the coincidence rate of 1 + 2 and 7 + 8, indicating the fact that the muons which are arriving at the detector from the direction of the cavern are more numerous than those which are coming from the direction of the wall. This is an important observation because in this way we can determine the variations of the density in different materials or in the terrestrial crust, with many practical applications, like the detection of oil deposits, hidden rooms in pyramids, or at customs checkpoints in the search of contraband products.
Conclusions
A versatile detector for cosmic muon flux measurements was set up and studied at IFIN-HH, Bucharest. It can be used in many applications where the information about the flux of atmospheric muons is of interest. One of them that were demonstrated in this paper is the determination of water equivalent depths in Unirea mine of Slanic [9] and could be used to measure the water equivalent depth on any site in order to check the possibility to install a large underground experiment like LAGUNA, MINOS [12] , and so forth. The results show that the mobile detector could be used to measure the directional variation of the muon flux in order to study hadronic interaction models or muon multiplicities.
In this work, the technique of collecting light signals by PMTs through optical fibers was investigated. Its reliability was demonstrated by the good agreement between the results obtained with this configuration and another one, where the light is transferred from the scintillator plate to a PMT through a light guide, in the determination of the cosmic muon flux in underground locations (Unirea mine from Slanic Prahova) and the variation of muon flux with the altitude. This type of reading technique combined with the mobility of the detector could be used easily in various applications, like archaeology and volcanology, or as a scanner used in customs control.
